PQ-9 (plastoquinone-9) has a central role in energy transformation processes in cyanobacteria by mediating electron transfer in both the photosynthetic as well as the respiratory electron transport chain. The present study provides evidence that the PQ-9 biosynthetic pathway in cyanobacteria differs substantially from that in plants. We identified 4-hydroxybenzoate as being the aromatic precursor for PQ-9 in Synechocystis sp. PCC6803, and in the present paper we report on the role of the membrane-bound 4-hydroxybenzoate solanesyltransferase, Slr0926, in PQ-9 biosynthesis and on the properties of the enzyme. The catalytic activity of Slr0926 was demonstrated by in vivo labelling experiments in Synechocystis sp., complementation studies in an Escherichia coli mutant with a defect in ubiquinone biosynthesis, and in vitro assays using the recombinant as well as the native enzyme. Although Slr0926 was highly specific for the prenyl acceptor substrate 4-hydroxybenzoate, it displayed a broad specificity with regard to the prenyl donor substrate and used not only solanesyl diphosphate, but also a number of shorter-chain prenyl diphosphates. In combination with in silico data, our results indicate that Slr0926 evolved from bacterial 4-hydroxybenzoate prenyltransferases catalysing prenylation in the course of ubiquinone biosynthesis.
INTRODUCTION
PQ-9 (plastoquinone-9) represents the major prenylated quinone in organisms carrying out oxygenic photosynthesis. In plants, this lipid is synthesized at the inner envelope membrane of chloroplasts by the pathway depicted in Figure 1 (A). The biosynthesis of PQ-9 is initiated by the decarboxylation of the aromatic compound homogentisate and its prenylation with solanesyl (nonaprenyl) from a respective prenyl diphosphate [1] . We recently demonstrated by in vitro inhibitor studies that both reactions are catalysed by the same enzyme, HST (homogentisate solanesyltransferase), to form MSBQ (2-methyl-6-solanesyl-1,4-benzoquinol) that is then converted into the reduced form of PQ-9 by the activity of a methyltransferase [2] . HST belongs to the family of MAPs (membrane-bound aromatic prenyltransferases) [3] , which are involved in prenylquinone biosynthesis and require divalent cations for catalytic activity. SDP (solanesyl diphosphate) binds to the enzyme via a bridging Mg 2 + ion to form a complex which can react with homogentisate so that the prenyl acceptor is decarboxylated prior to being prenylated [2] . HSTs are highly specific towards the aromatic prenyl acceptor substrate, but they were found to use also short-chain prenyl donors in vitro [2, 4] . This observation is in line with the occurrence of plastoquinone species with shorter prenyl side chains in plants [5, 6] .
In view of the evolutionary origin of chloroplasts, it might be expected that the PQ-9 biosynthetic pathway is conserved in plants and cyanobacteria. On the other hand, there are indications that the cyanobacterium Synechocystis sp. uses a different aromatic compound from homogentisate for PQ-9 biosynthesis. The structure of this aromatic compound and the identity of the enzyme that may catalyse the respective prenylation reaction are currently unknown. Interestingly, the Synechocystis genome was predicted to encode a so far uncharacterized MAP [7] , Slr0926, which is, on the basis of its amino acid sequence, distantly related to HSTs. In the present study, the catalytic activity of Slr0926 and its role in the biosynthesis of PQ-9 were investigated.
EXPERIMENTAL

Radiochemicals and prenyl diphosphates
[ring- 14 C]4-Hydroxybenzoate was purchased from Hartmann Analytic with a radiochemical purity of >99 % and a specific activity of approximately 125 d.p.m./pmol. [U- 14 C]Homogentisate was synthesized enzymatically from [U- 14 C]tyrosine (Hartmann Analytic) as described previously [4] . The radiochemical purity of [U- 14 C]homogentisate was ∼ 90 % and the specific activity was approximately 770 d.p.m./pmol. Unlabelled prenyl diphosphates were obtained from SigmaAldrich or from American Radiolabeled Chemicals.
Bacterial strains and cultivation
The Escherichia coli strain BL21AI was purchased from Invitrogen and the E. coli mutant strain AN144 (metB ubiA420), which carries a mutation in the coding region for the 4-hydroxybenzoate prenyl transferase UbiA (GenBank ® accession number CAQ3438) [8] , was obtained from NBRP (National BioResource Project)-E. coli. The strains were grown in either LB (Luria-Bertani) medium or M9 minimal medium supplemented with 1 mM methionine and 0.3 % glucose or succinate [9] . Synechocystis sp. PCC6803 was cultivated photoautotrophically at 30
• C in BG11 medium [10] at 100 μmol/m 2 and using a 16 h light/8 h dark cycle. All liquid cultures were grown in Abbreviations used: GGDP, geranylgeranyl diphosphate; GST, glutathione transferase; HST, homogentisate solanesyltransferase; CrHST, Chlamydomonas reinhardtii HST; IPTG, isopropyl β-D thiogalactopyranoside; LB, Luria-Bertani; MAP, membrane-bound aromatic prenyltransferase; MSBQ, 2-methyl-6-solanesyl-1,4-benzoquinol; ODP, octaprenyl diphosphate; PQ-9, plastoquinone-9; SAM, S-adenosylmethionine; SDP, solanesyl diphosphate; UQ-8, ubiquinone-8. 1 Present address: Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI 48824, U.S.A. 2 To whom correspondence should be addressed (email rsadre@bio1.rwth-aachen.de or sadre@msu.edu).
Figure 1 Biosynthesis of plastoquinol-9 in plants (A) and of ubiquinol-8 in Escherichia coli (B)
MAPs catalyse the prenylation reaction in the biosynthesis of these prenylquinones with (A) or without (B) decarboxylating the prenyl acceptor. Note that the order in which the reactions occur in the course of ubiquinol biosynthesis differs in prokaryotes and eukaryotes after prenylation of 4-hydroxybenzoate. Plastoquinol-9 and ubiquinol are converted into the respective quinone form by oxidation of the hydroxy groups. SAH, S-adenosylhomocysteine.
Erlenmeyer flasks on orbital shakers. Growth of bacterial cultures was monitored by measuring the D 600 (attenuance at 600 nm) for E. coli and the D 730 for Synechocystis sp.
Reference substances for chromatography analyses PQ-9 was extracted from spinach leaves [4] . All radiolabelled standards were synthesized enzymatically. Chloroplast envelope membranes were isolated from spinach leaves as described previously [2] and used as the source of homogentisate solanesyl transferase and MSBQ methyl transferase to synthesize 14 Clabelled PQ-9. The spinach envelope membranes (∼ 100 μg of total protein) were incubated in a 200 μl reaction mixture with 50 mM Bis-Tris/HCl, pH 9.0, 50 mM magnesium acetate, 30 μM [U- 14 C]homogentisate (∼ 520 d.p.m./pmol), 200 μM SDP and 200 μM SAM (S-adenosylmethionine) at 28
• C for 30 min. The assay was stopped and extracted with 800 μl of chloroform/methanol (1:1) and 200 μl of 0.9% NaCl. Radiolabelled MSBQ and various 3-prenyl-4-hydroxybenzoates were synthesized using membrane preparations from E. coli cells expressing CrHST (Chlamydomonas reinhardtii HST) (GenBank ® accession number AM285678) or overexpressing the E. coli 4-hydroxybenzoate prenyl transferase UbiA (GenBank ® accession number ACT45703) respectively, essentially as described previously [2] . Ubiquinone-4, ubiquinone-9 and ubiquinone-10 were purchased from Sigma-Aldrich. UQ-8 (ubiquinone-8) was isolated from the E. coli wild-type strain BL21AI. Lipids were extracted from an overnight culture and separated by TLC on silica gel plates (Macherey-Nagel) using acetone/petroleum ether (3:7, v/v) as the mobile phase. Authentic ubiquinone-4, ubiquinone-9 and ubiquinone-10 were co-chromatographed. After separation by TLC, the UQ-8 band was scraped off from the TLC plate and eluted with hexane. The identity of UQ-8 was further confirmed by UV absorption spectroscopy resulting in a typical spectrum as reported previously [11] .
In vivo labelling studies in Synechocystis sp.
Cultures of Synechocystis sp. (25 ml) were grown to a D 730 of 0.5 and were then incubated with 4 μCi of 14 C-labelled 4-hydroxybenzoate for another 5 days. Cells (∼ 0.2 g of fresh weight) were harvested, washed with water, then resuspended in 1 ml of water and frozen at − 20
• C. To disrupt the cells, the suspension was thawed and was vortex-mixed three times with ceramic beads (1 mm diameter; soilGEN) for 2 min. Lipids were extracted using chloroform/methanol (1:1, v/v). After phase separation, the chloroform phase was collected and the aqueous phase was re-extracted with chloroform. The chloroform phases were pooled and the organic solvent was evaporated under a stream of nitrogen gas. The residue was dissolved in hexane. The lipid extracts were separated by HPLC using the Agilent 1100 HPLC system equipped with a UV detector (254 nm) and a silica gel column (250 mm×4 mm, 5 μm pore size; Macherey-Nagel) using 1.0 % t-butyl methyl ether in hexane as the mobile phase at a flow rate of 1 ml/min. Cyanobacterial PQ-9 was identified by co-chromatography analyses with PQ-9 extracted from spinach leaves and eluted at ∼ 8 min. A PQ-9 fraction was collected from each sample and subsequently analysed by TLC. The silica gel plates containing a UV-254 fluorescent indicator (MachereyNagel) were developed in dichloromethane, and radioactively labelled compounds were visualized with a FLA-3000 bioimager (Raytest). Enzymatically synthesized 14 C-labelled PQ-9 as well as unlabelled PQ-9 served as standards for TLC and were also HPLC-fractionated prior to use.
Construction of slr0926 expression vectors
The open reading frame slr0926 (NC_000911) was amplified from genomic DNA of Synechocystis sp. using the forward primer 5 -CACCATGGTTGCCCAAACCCCATC-3 and the reverse primer 5 -CTCAAAGCCAGCCCAGTAAC-3 . The resulting PCR product was cloned into the Gateway vectors pDEST14 and pDEST15 according to the manufacturer's instructions (Invitrogen) and the identity of the constructs was confirmed by sequencing. Other constructs were required for expression studies in the E. coli mutant strain AN144. For this strain, BamHI restriction sites were added to slr0926 at the 5 and 3 termini by PCR using the forward primer 5 -TAGGATCCATGGTTGCCCAAACC-3 and the reverse primer 5 -AGGATCCTCAAAGCCAGCCCAGT-3 . After digestion with BamHI, the PCR product was ligated into the BamHI-linearized E. coli expression vector pQE60 (Qiagen). Similarly, the open reading frame for the 4-hydroxybenzoate prenyltransferase (ubiA; GenBank ® accession number CAQ34389) was amplified from the E. coli BL21AI genome as described previously [2] and modified with flanking NcoI restriction sites using the primers 5 -ATCCATGGAGTGGAGTCTGACGCAG-3 and 5 -CTCCATGGTCAGAAATGCCAGTAACTCA-3 . The PCR product was digested with NcoI and subsequently ligated into the NcoI-linearized pQE60 vector.
Complementation studies
For plate growth assays, E. coli AN144 cells (metB ubiA420) harbouring the pQE60 empty vector or an expression construct containing either ubiA or slr0926 were cultivated overnight at 37
• C in LB medium with 50 μg/ml carbenicillin. On the next day, 10 ml of LB/carbenicillin medium with 1 mM IPTG (isopropyl β-D-thiogalactopyranoside) were inoculated with overnight culture to a D 600 of 0.05 and incubated at 37
• C until a D 600 of approximately 0.4 was reached. The cultures were diluted to a D 600 of 0.05 followed by four 10-fold serial dilutions in sterile 0.9 % NaCl solution. A 1 μl volume from each dilution was spotted on to LB and M9 agar plates with 1 mM IPTG that were subsequently incubated at 37
• C overnight and for 2 days respectively. In addition, growth curves were determined for the E. coli expression clones cultivated in 100 ml of LB medium with carbenicillin and IPTG. The medium was inoculated with overnight culture to a D 600 of 0.05 and incubated at 37
• C. The progress of growth was monitored by measuring the D 600 .
To determine the UQ-8 content in E. coli AN144 cells expressing either wild-type ubiA or slr0926 from pQE60 constructs, 100 ml of LB selection medium containing 1 mM IPTG was inoculated with overnight culture to a D 600 of approximately 0.05 and incubated at 37
• C for ∼ 4-5 h. For comparative analyses, mutant cells with an empty vector were cultivated under the same conditions. Cells were harvested, the wet weight was determined and the cells were resuspended in 1 ml of water. Ceramic beads (1 mm diameter; soilGEN) were added to each sample as well as 20 μg of ubiquinone-4 in 10 ml of acetone/petroleum ether (3:2, v/v) as an internal standard. Cell lysis was obtained by vortex-mixing three times for 2 min. After centrifugation, the petroleum ether phase was collected and the aqueous phase was re-extracted with 5 ml of petroleum ether. The upper phases were pooled and dried under a stream of nitrogen gas and the extracts were dissolved in hexane. HPLC measurements were performed using crude lipid extracts, collecting UV signals at 272 nm and using an Agilent 1100 HPLC system equipped with a silica gel column (250 mm×4 mm, 5 μm pore size; MachereyNagel) and 2.2 % t-butyl methyl ether in hexane as the mobile phase at a flow rate of 1 ml/min. UQ-8 was identified by cochromatography with UQ-8 extracted from E. coli BL21AI. The level of UQ-8 in lipid extracts was calculated on the basis of HPLC measurements performed using authentic ubiquinone-9.
Expression studies on slr0926 in E. coli BL21AI The E. coli BL21AI cells harbouring a pDEST construct with slr0926 were cultivated overnight at 37
• C in LB medium supplemented with 50 μg/ml carbenicillin. The pre-cultures were used to inoculate 200 ml of fresh LB/carbenicillin medium and cultures were grown further at 37
• C. Gene expression was induced in exponentially growing cultures by addition of Larabinose to a final concentration of 0.2 % in the medium. For comparative analyses, BL21AI cells with an empty vector were cultivated under identical conditions. The E. coli cells were harvested 2 h after induction and used for the preparation of membranes as described previously [4] . Expression from the vector pDEST15 resulted in recombinant proteins with an N-terminal GST (glutathione transferase) tag. The GST-fused proteins were detected on Western blot membranes using anti-(mouse GST tag) antibodies (Novagen) and goat anti-(mouse IgG)-horseradish peroxidase conjugate antibodies (Qiagen) with Lumi-Light Plus (Roche Diagnostics).
Preparation of Synechocystis sp. membranes
Cells harvested from 200 ml of culture (D 730 of ∼ 2) were resuspended in 50 mM Bis-Tris/HCl buffer, pH 7.0, with 200 μM Pefabloc SC (Roche Diagnostics) and vortex-mixed three times for 2 min with ceramic beads to disrupt the cells. Cell debris was removed by low-speed centrifugation (3200 g, 15 min, 4
• C), and membranes were recovered from the supernatant by ultracentrifugation for 45 min at 4
• C and 35 000 rev./min using a 50.2 Ti rotor (Beckman).
Enzymatic assays
The 4-hydroxybenzoate prenyltransferase activities were measured by determining the conversion rates of [ring- 14 • C for 60 min, unless otherwise stated.
The assays were stopped and extracted using 200 μl of chloroform/methanol (1:1, v/v) and 50 μl of 0.9% NaCl solution per 50 μl assay. Labelled lipophilic products were separated by TLC on silica gel plates (Macherey-Nagel) using acetone/petroleum ether (3:7, v/v) as the mobile phase and visualized with an FLA-3000 bioimager system. The data were processed using AIDA software (Raytest). The amount of radioactivity was quantified by scintillation counting. Kinetic data were plotted and analysed using GraphPad Prism. Error limits around K m and V max represent the bounds of the 95 % confidence limits.
RESULTS AND DISCUSSION
In silico analyses
The open reading frame slr0926 encodes a 292-amino-acidlong polypeptide of 32 kDa. The protein was predicted to have eight to ten transmembrane helices [12, 13] and comprises two conserved aspartate-rich motifs as found in all MAPs [3] . We performed BLASTP searches [14] with the Slr0926 amino acid sequence against the non-redundant protein sequence database at the NCBI (National Center for Biotechnology Information) as well as against CyanoBase [15] . The analyses revealed that Slr0926 belonged to a highly conserved group of cyanobacterial MAPs with unknown function.
Slr0926 exhibits only 21 % identity with the so far characterized HSTs, CrHST and AtHST (Arabidopsis thaliana HST) [4] , whereas it shares higher identities with other members of the MAP family, namely the 4-hydroxybenzoate prenyltransferases. Figure 2 depicts the phylogenetic relationship for Slr0926, HSTs and various 4-hydroxybenzoate prenyltransferases. To date, nine 4-hydroxybenzoate prenyltransferases, UbiA from E. coli [17] , AarE from Providencia stuartii [18] , COQ2 from Saccharomyces cerevisiae [19] , PPT1 from Schizosaccharomyces pombe [20] , COQ2 from Homo sapiens [21] , AtPPT1 from A. thaliana [22] , OsPPT1a from Oryza sativa [23] and LePGT1 and LePGT2 from Lithospermum erythrorhizon [24] , have been functionally characterized. With the exception of LePGT1 and LePGT2, which are involved in the biosynthesis of the plant secondary metabolite shikonin, these 4-hydroxybenzoate prenyltransferases catalyse the first committed step in the biosynthesis of ubiquinones ( Figure 1B) . Eukaryotic ubiquinone biosynthesis occurs in the mitochondria, and the respective MAPs contain an N-terminal signal peptide to be targeted to these organelles [25, 26] . The Slr0926 sequence is 24 % identical with the sequences of AtPPT1 and OsPPT1a, and similar identities were found with most of the eukaryotic proteins. However, the highest sequence identities for Slr0926 were determined with LePGT1 (32 %) and LePGT2 (32 %) and with the two bacterial proteins, UbiA (33 %) and AarE (33 %).
Cyanobacteria lack ubiquinone [27, 28] and use PQ-9 as a common electron carrier in both the photosynthetic as well as the respiratory electron transport chain [29] . We therefore assumed that in Synechocystis sp., Slr0926 fulfils a role in PQ-9 biosynthesis. On the basis of the in silico data, it seemed likely that the enzyme would catalyse the prenylation of 4-hydroxybenzoate.
In vivo labelling of PQ-9 in Synechocystis sp.
To gain insight into the biosynthesis of PQ-9 in cyanobacteria, we investigated the incorporation of [ring- 14 C]4-hydroxybenzoate into PQ-9 in Synechocystis sp. cells. After a 5 day incubation 14 C]4-hydroxybenzoate. Then, lipids were extracted from the cells and separated by HPLC. The PQ-9-containing fraction (Syn) was subsequently analysed by TLC. For comparison, unlabelled PQ-9 (not shown), [ 14 C]PQ-9 (PQ-9) and [ 14 C]MSBQ (MSBQ) were used as reference substances. The radiolabelled compounds were detected using a bioimager. Radioactivity from 4-hydroxybenzoate was incorporated into lipophilic products that chromatographed with the same R f value as the prepared PQ-9 standards The asterisk marks the origin; 1, radiolabelled PQ-9; 2, quinone form of MSBQ; 3, quinol form of MSBQ.
with the radiolabelled compound, lipids were extracted from the cells and separated by HPLC. PQ-9 was eluted at approximately 8 min and was collected. The fraction was subsequently analysed by TLC to assess the appearance of radiolabelled PQ-9. As shown in Figure 3 , radioactivity from 4-hydroxybenzoate occurred in highly lipophilic products that fractionated with the same R f value as the prepared PQ-9 standards. Hence, the data supported the hypothesized role for Slr0926 in channelling 4-hydroxybenzoate into PQ-9 biosynthesis. Moreover, the experimental results provided an explanation for the observation that disruption of the hydroxyphenyl pyruvate dioxygenase gene involved in homogentisate biosynthesis did not affect the level of PQ-9 in Synechocystis sp. [30] .
Complementation of an E. coli ubiA mutant deficient in UQ-8 biosynthesis
The E. coli ubiA mutant AN144 is extremely impaired in UQ-8 biosynthesis and, as a consequence, is unable to grow on minimal medium with a non-fermentable carbon source such as succinate [8] . AN144 can be maintained on minimal medium with glucose and is, as has been shown for other E. coli ubiA mutants [31] , able to grow on LB medium owing to the presence of low concentrations of fermentable sugar equivalents [32] .
We tested the gene slr0926 for its ability to phenotypically suppress the defects of the E. coli mutant. For comparison, control experiments with the E. coli ubiA gene were performed. Expression of either Slr0926 or UbiA restored the growth pattern of AN144 cells, indicating that the recombinant enzymes were functionally equivalent and contributed to the conversion of 4-hydroxybenzoate into 3-octaprenyl-4-hydroxybenzoate by using the long-chain prenyl donor ODP (octaprenyl diphosphate) (Figure 4) . Correlating with the pattern of growth, cells expressing either slr0926 or ubiA accumulated similar UQ-8 levels of approximately 30 nmol per g of wet weight, whereas prenylquinone was not detectable in mutant cells carrying an empty T415 vector ( Figure 5 ).
Properties of Slr0926
In order to further study the catalytic activity of Slr0926, the encoding open reading frame was expressed in E. coli BL21AI. Expression was confirmed by Western blot analyses of subcellular fractions for Slr0926 fused to a GST tag. In accordance with the topology predictions, the GST-tagged protein with a molecular mass of 61 kDa was detected in E. coli membrane fractions (Supplementary Figure S1 at http:// 
Figure 7 Properties of recombinant Slr0926 under optimized reaction conditions
The dependencies on Mg 2 + (A), protein (B) and 4-hydroxybenzoate (C, circles) were determined in standard assays with GGDP as the prenyl donor. No activity was detectable when 4-hydroxybenzoate was replaced with homogentisate as the prenyl acceptor (C, squares). The prenyl diphosphate dependencies are shown in (D) using GGDP (circles) and farnesyl diphosphate (squares) as prenyl donors.
fractions from cells harbouring an empty vector to determine the native 4-hydroxybenzoate prenyltransferase activity in E. coli (UbiA). Assays with GGDP as the prenyl donor yielded radiolabelled 3-geranylgeranyl-4-hydroxybenzoate ( Figure 6 ). With no prenyl donor present in the reaction mixture there was no product detected. Under the chosen assay conditions, the UbiA activity was very low. Up to ∼ 30-fold higher prenylation rates were determined for membranes containing Slr0926 in comparison with the UbiA background activity.
Membranes with GST-tagged Slr0926 displayed distinctly lower 4-hydroxybenzoate prenyltransferase activity than Slr0926-containing membranes, but nevertheless those membranes yielded significant higher prenylation rates than controls.
Slr0926 exhibited highest activity in assays with [ 14 C]4-hydroxybenzoate and GGDP as the prenyl donor at 30
• C and pH 7. The enzyme was strictly dependent on divalent cations for catalytic activity ( Figure 7A) . The highest prenylation rates were obtained with Mg 2 + . Distinctly lower activities were determined with Mn 2 + (∼ 40 %), Fe 2 + (∼ 6 %) and Ni 2 + (∼ 5 %) in comparison with Mg 2 + (100 %) at concentrations of 1-10 mM. The addition of the phosphatase inhibitor NaF at concentrations up to 15 mM stimulated the enzyme activity up to 1.4-fold, whereas, for instance, 3-fold higher concentrations caused a severe inhibition (results not shown). Under optimized assay conditions the prenylation rates were constant for at least 15 min (results not shown) and at least 4 μg of membrane proteins at 50 μM 4-hydroxybenzoate and 50 μM GGDP ( Figure 7B) . The dependencies on 4-hydroxybenzoate and prenyl diphosphate are shown in Figures 7(C) and 7(D) . Slr0926 exhibited apparent K m values of 4.3 + − 0.6 μM for 4-hydroxybenzoate at 50 μM GGDP, 11.8 + − 7.2 μM for GGDP at 50 μM 4-hydroxybenzoate and 18.1 + − 6.7 μM for farnesyl diphosphate at 50 μM 4-hydroxybenzoate, and apparent V max values of 6.6 + − 0.3 μM, 8.1 + − 1.8 μM and 5.1 + − 0.8 μM respectively were determined. No enzymatic activity was detected when homogentisate ( Figure 7C ), 4-aminobenzoate or 2-hydroxybenzoate (results not shown) was tested as potential prenyl acceptors. Slr0926 was highly specific with regard to the prenyl acceptor substrate and catalysed only the prenylation of 4-hydroxybenzoate. In contrast, E. coli UbiA and S. cerevisiae COQ2 also used 4-aminobenzoate as a prenyl acceptor [33, 34] , and in assays with UbiA a number of other benzoate derivatives were successfully prenylated [34] . Figure 8 summarizes the results from experiments to study the prenyl donor specificity of Slr0926 in more detail. The assays were conducted in the absence ( Figure 8A ) as well as in the presence ( Figure 8B ) of 0.2 mM n-dodecyl β-D-maltoside. The detergent was added to improve the solubility of the long-chain prenyl donor SDP in the aqueous reaction mixtures, as shown previously [2, 4, 35] . Slr0926 catalysed in vitro the prenylation of 4-hydroxybenzoate with prenyl diphosphates of 10-45 carbon atoms. The reaction products chromatographed on TLC plates distinctly from one another according to the prenyl donor used in the reaction. Without detergent, the enzymatic activity increased with higher chain length of the prenyl donors of up to 20 carbon atoms. Considerably lower enzyme activities were detected with phytyl diphosphate (∼ 20 %), the mono-unsaturated C 20 prenyl donor, in comparison with its polyunsaturated counterpart GGDP (100 %) (results not shown). In the presence of detergent, the Slr0926 activity with SDP was stimulated ( Figure 8B ).
Native MAP activities in Synechocystis sp. membranes
Similar prenyl donor specificities were determined when 4-hydroxybenzoate prenyltransferase assays were conducted using crude membrane preparations from Synechocystis sp. as the enzyme source for native Slr0926 (Figure 9 ). In this case, the relative activities were calculated as being ∼ 5 % with geranyl diphosphate, ∼ 40 % with farnesyl diphosphate, ∼ 20 % with phytyl diphosphate and ∼ 15 % with SDP in comparison with 100 % with GGDP in the presence of 0.4 mM detergent. The addition of detergent stimulated the Slr0926 activity with SDP, but did not affect its ability to use shorter-chain prenyl donors. These findings proved beyond doubt the presence of 4-hydroxybenzoate solanesyltransferase activity in membranes of Synechocystis sp.
It was also interesting to assay Synechocystis membranes for homogentisate prenyltransferase activity with SDP. We were unable to detect HST activity in Synechocystis sp., which would be required to channel homogentisate into PQ-9. On the other hand, control assays with phytyl diphosphate and GGDP as the prenyl donor resulted in the formation of the respective 2-methyl-6-prenyl-1,4-benzoquinols, indicating that the homogentisate phytyltransferase Slr1736 [36] was functional
Figure 8 Prenyl donor specificity of recombinant Slr0926
The enzyme was assayed with different prenyl donors in the absence (A) and presence (B) of 0.2 mM detergent. The prenylation rates are shown. Results are means + − S.D. of at least three independent sets of experiments each with double estimations and after subtraction of the 4-hydroxybenzoate prenyltransferase background activity in E. coli. Note that 0.2 mM detergent was sufficient for the SDP reaction to run without significantly inhibiting the Slr0926 activity with shorter-chain prenyl donors. With up to 0.4 mM detergent, higher enzymatic activities with SDP (up to ∼ 2-fold) were determined but the activity with shorter-chain prenyl donors was greatly reduced. FDP, farnesyl diphosphate; GDP, geranyl diphosphate. The reaction catalysed by Slr0926 (PlqA; the present study) and the last methylation step catalysed by Sll0418 [40] are indicated. The enzymes involved in the reactions between these two steps have yet not been identified. SAH, S-adenosylhomocysteine.
under these assay conditions (results not shown). This MAP catalyses the decarboxylation and the transfer of a phytyl group on to homogentisate in the course of tocopherol biosynthesis. The results are consistent with our previous observation that, in vitro, E. coli-expressed Slr1736 was able to use phytyl diphosphate as well as GGDP as the prenyl donor, but displayed no activity with SDP [4] .
Concluding remarks
The overall results of the present study clearly demonstrate that Synechocystis sp. possesses the prenyltransferase activity to channel 4-hydroxybenzoate into PQ-9 biosynthesis. Because of the central role of PQ-9 in cyanobacterial electron transport chains, it is very likely that a knockout defect in the genes involved in the respective biosynthetic pathway is lethal. Indeed, a slr0926-knockout mutant could not be generated [37, 38] , indicating that Slr0926 activity is of critical importance for the survival of Synechocystis sp. and being consistent with a function of the 4-hydroxybenzoate solanesyltransferase in PQ-9 biosynthesis. We propose to designate Slr0926 as PlqA to clearly indicate its role in the PQ-9 biosynthetic pathway. The ability to use a broad spectrum of prenyl diphosphates appears to be a common feature of MAPs which accept long-chain prenyl donors such as Slr0926 (PlqA), HSTs [4] as well as 4-hydroxybenzoate prenyltransferases involved in ubiquinone biosynthesis [25, 26, 39] . For the latter it was shown that the prenyl donor pool available to the MAP determines the different prenyl side chain lengths in ubiquinone species found in various organisms. It is therefore possible that the biosynthesis of the predominant plastoquinone species in cyanobacteria, PQ-9, is controlled in a similar way, but it could also be that Slr0926 (PlqA) has a K m for SDP that is distinctly lower than for shortchain prenyl donors. The in vitro data (Figures 8 and 9 ) suggest that cyanobacteria, like higher plants [5, 6] , are able to synthesize plastoquinones with shorter prenyl side chains.
During evolution, cyanobacterial ancestors have apparently lost the ability to synthesize ubiquinone and replaced it with PQ-9. Phylogenetically, Slr0926 (PlqA) probably originated from bacterial 4-hydroxybenzoate prenyltransferases involved in ubiquinone biosynthesis, whereas plant HSTs may have evolved from a cyanobacterial homogentisate phytyltransferase for tocopherol biosynthesis. As shown in Figure 10 , the use of 4-hydroxybenzoate as the prenyl acceptor necessitates further modifications at the aromatic ring such as decarboxylation, hydroxylation and two methylations to finally yield PQ-9. The Synechocystis sp. genome encodes homologues of the E. coli proteins UbiX/UbiD (decarboxylation), UbiH (hydroxylation) and UbiE (C-methylation) involved in the downstream reactions of UQ-8 biosynthesis. It is therefore very conceivable that the order of the reactions in cyanobacterial PQ-9 biosynthesis is similar to that in the course of UQ-8 biosynthesis in E. coli ( Figure 1B) , with decarboxylation of 3-solanesyl-4-hydroxybenzoate and then hydroxylation preceding methylations of the aromatic ring at positions 2 and 3 ( Figure 10 ). Although a single homologue for each of UbiX, UbiD and UbiH is predicted for Synechocystis sp., several candidate C-methyltransferases are encoded by the genome. One of these methyltransferases, Sll0418, catalysed in vitro not only the conversion of 2-methyl-6-solanesyl-1,4-benzoquinol into PQ-9 ( Figure 10 ), but also the respective reaction in tocopherol biosynthesis [40] . However, disruption of the open reading frame sll0418 did not result in a severe decrease in the level of PQ-9. The mutant contained 70 % of the wildtype PQ-9 level and 35 % of the wild-type tocopherol level, indicating that partially redundant methyltransferase activities are present in Synechocystis sp. [40] . This may be also the case for the first methylation step in the PQ-9 biosynthetic pathway, the methylation at position 2 of the aromatic ring. Methyltransferase isoenzymes might be regulatory targets of PQ-9 biosynthesis in cyanobacteria in response to environmental changes; however, this needs to be investigated further.
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